Introduction
Sensory nerves innervate a range of key structures of the respiratory tract, including the airway epithelium, smooth muscle band and submucosal glands (Verhein et al., 2009) . Afferent sensory nerves located within the airway epithelium serve to detect the presence of noxious stimuli and to initiate a reflex bronchoprotective response (Martling, 1987) .
Accumulating and compelling evidence indicates this sensory function is primarily mediated by members of the Transient Receptor Potential (TRP) family of ion channels, which are highly expressed on sensory nerve endings. For example, TRP vanilloid type 1 (TRPV1) is a calcium ion channel, activated by high temperature (>40 o C), low pH and exogenous vanilloids such as the chilli plant extract, capsaicin (Manzini, 1992; Bevan & Geppetti, 1994; Caterina et al., 1997; Szallasi & Blumberg, 1999) .
Upon TRPV1 activation by capsaicin, Ca 2+ ions enter the sensory nerve ending and promote its depolarization. The newly-formed nerve impulse initiates a centrally-mediated, parasympathetic reflex that culminates in smooth muscle contraction and mucous gland secretion (Lee & Pisarri, 2001 ). However, of more relevance to this study, the nerve impulse also travels in an antidromic manner leading to local release of neuropeptides, such as Substance P (SP), from sensory nerve endings. SP is capable of exerting a wide range of biological effects within the airways, although these vary depending upon species and tissue type (Stewart et al., 2008) . Application of SP (or capsaicin) to mouse isolated bronchial preparations induces airway smooth muscle relaxation (Manzini, 1992) . In mouse and rat airways, SP activates Neurokinin-1 (NK 1 ) receptors on epithelial cells, leading to activation of cyclooxygenase (COX) and production of prostaglandin E 2 (PGE 2 ) (Devillier et al., This article has not been copyedited and formatted. The final version may differ from this version.
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J P E T # 1 8 7 8 7 2 6 1992; Fortner et al., 2001; Szarek et al., 1998) . In turn, PGE 2 activates adenylate cyclase-linked EP 2/4 receptors on airway smooth muscle, increasing intracellular cAMP levels and promoting relaxation (Sheller et al., 2000; Narumiya et al., 1999) .
To date, no study has fully characterised the capsaicin-induced relaxation pathway.
Hence a primary aim of this study was to apply pharmacological approaches to clarify and confirm the mechanisms that underpin capsaicin-mediated relaxation pathways in mouse isolated trachea.
An equally important aim of this study was to determine the effect of influenza A infection on airway sensory nerve function, and in particular on the capsaicininduced relaxation pathway. It is currently unknown if an influenza A infection modulates sensory nerve function, although there exists circumstantial evidence that supports this postulate. Firstly, it is well established that influenza A infects and destroys the pseudo-stratified columnar epithelium, and as such may inhibit the epithelium-dependent, capsaicin-induced relaxation response. Secondly, certain neurotrophic influenza A strains can infect the CNS via the sensory nervous system (Shinya et al., 2000) , and this may affect sensory nerve function. Finally, influenza A infection can alter the density, distribution and function of an array of receptors involved in controlling bronchomotor tone (Henry et al., 1991; Carr et al., 1996; Lan et al., 2004) . This study tested the hypothesis that influenza A infection inhibits the capsaicin-induced relaxation pathway by altering sensory nerve, epithelial cell and smooth muscle function.
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Results

Characterization of capsaicin-induced relaxation responses in SHAM trachea.
Capsaicin elicited dose-dependent relaxation responses in SHAM mouse isolated trachea, and responses were similar in both upper and lower segments (Fig. 1A) .
In lower tracheal segments, the response to 10 µM capsaicin (66 ± 4%, n=11) was abolished by 10 µM capsazepine (TRPV1 antagonist; -1 ±2%, p<0.001, n=4-5; SP elicited dose-dependent relaxation responses in SHAM tracheal segments ( Fig. 2A) , although it was almost 10-fold more potent in lower segments (-logEC 40 :
10.0 ± 0.1, n=29) than upper segments (-logEC 40 : 9.1 ± 0.1, n=21, P<0.01). As expected, the potency of SP was not affected by 10 µM capsazepine (Fig. 2B ) but was significantly reduced by 10 µM L-733,060 (Fig. 2C) . SP-induced relaxation responses were also suppressed by 5 µM indomethacin (Fig. 2D ) and the combination of 3 µM AH6809 and 10 µM AH23848 (p<0.001, n=7; Fig. 2E ).
Cumulative addition of PGE 2 elicited dose-dependent relaxation in upper and lower segments of SHAM trachea (-logEC 40 : 6.6 ± 0.1, n=16, lower segment; Fig.   3A ). Relaxation responses to PGE 2 in lower segments were not inhibited by This article has not been copyedited and formatted. The final version may differ from this version.
capsazepine, L-733,060 or indomethacin ( Fig. 3B-D ), but were significantly inhibited by the combination of AH6809 and AH23848 (Fig. 3E ).
Cumulative addition of isoprenaline elicited dose-dependent relaxation in SHAM trachea (Fig. 4A) . The maximum response (E max : 79 ± 2%, n=12, lower segment) and potency (-logEC 40 : 7.6 ± 0.1, n=12) were not significantly inhibited by 5 µM indomethacin (Fig. 4B ) or the combination of 3 µM AH6809 and 10 µM AH23848 (Fig. 4C) .
Influenza A infection. At day 4 post-inoculation, prominent pathological changes were observed in tracheal sections from VIRUS mice ( 
Characterization of capsaicin-induced relaxation responses in VIRUS trachea.
In stark contrast to segments from SHAM mice, both upper and lower tracheal segments from VIRUS mice responded very weakly to capsaicin (e.g. 10 µM capsaicin produced 7 ± 3% relaxation in lower tracheal segments, n=11, Fig. 6A ).
Furthermore, VIRUS trachea were 25-fold less responsive to exogenous SP (p<0.001, n=29, Fig 6B) . On the other hand, the potencies of exogenous PGE 2 ( Fig.   6C ) and isoprenaline ( Fig. 6D) were not reduced in VIRUS trachea. Indeed, PGE 2 was 2.5-fold more potent in VIRUS trachea compared to SHAM trachea (p<0.001, n=16, lower segment; Fig. 6C ).
Carbachol-induced contractions were marginally reduced in tracheal segments from VIRUS mice compared to SHAM mice (e.g. 1μM carbachol produced 71 ± 1% contraction in lower tracheal segments from VIRUS mice and 78 ± 1% contraction in SHAM mice, p<0.001, n=30). Similarly small, but statistically significant, differences were observed in upper tracheal segments (data not shown).
As shown in Table 1 , the effects of antagonists and inhibitors on responses to SP, PGE 2 and isoprenaline in upper and lower segments of VIRUS trachea were qualitatively similar to those obtained in SHAM preparations.
Capsaicin-induced changes in PGE 2 and SP levels in SHAM and VIRUS
trachea.
Exposure of SHAM tracheal segments to 10 μM capsaicin for 10 mins caused a significant release of PGE 2 into the surrounding media (Fig. 7A) . In stark contrast, capsaicin caused no significant release of PGE 2 from VIRUS tracheal segments (Fig. 7A ). Basal levels of PGE 2 release were also lower in VIRUS mice than SHAM mice (Fig. 7A) . Levels of SP in media surrounding VIRUS or SHAM trachea following exposure to capsaicin or vehicle were below the level of detection of the ELISA kit (<3.9 pg/ml). However, capsaicin caused a significant reduction in the tissue levels of SP recovered from mouse tracheal segments (Fig. 7B ).
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Importantly, there was no significant difference in the magnitude of the capsaicininduced reduction in tracheal SP levels between SHAM and VIRUS mice (Fig. 7B ).
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Discussion
Our pharmacological studies indicate that capsaicin relaxes mouse isolated tracheal segments through the sequential activation of sensory nerve TRPV1, epithelial NK 1 receptors and COX, and smooth muscle EP 2/4 receptors (Figure 8 ).
Consistent with this schema, complementary biochemical assays show that capsaicin induces the rapid release of SP and PGE 2 from mouse tracheal segments.
Of particular interest, both capsaicin-induced relaxation and PGE 2 generation was dramatically reduced in airways obtained from influenza A virus-infected mice.
Capsaicin induced concentration-dependent relaxation responses in mouse isolated trachea, consistent with previous studies in rodent bronchial preparations (Manzini, 1992; Szarek et al., 1995 Szarek et al., , 1998 . Capsaicin-induced relaxation responses in mouse trachea are most likely mediated by TRPV1 as they were abolished by the TRPV1 antagonist capsazepine.
Immunohistochemical studies indicate the predominant cellular location of TRPV1 in mouse lung is upon sensory nerves endings (Dinh et al., 2004) , which co-localise with the neuropeptide SP. Indeed, previous studies suggest that capsaicin-induced relaxation responses are mediated by SP-induced activation of epithelial NK 1 receptors (Manzini, 1992; Ichikawa et al., 1995) . This postulate is supported by our data showing relaxation responses induced by capsaicin and exogenous SP were inhibited by an NK 1 receptor antagonist, L-733,060, and moreover by the finding that exposure to capsaicin caused a significant reduction in residual tissue levels of SP in mouse tracheal segments.
Relaxation responses to both capsaicin and SP were also abolished by indomethacin, indicating that a relaxant COX product mediates these responses.
Consistent with this, capsaicin-induced relaxation responses were associated with
This article has not been copyedited and formatted. The final version may differ from this version. elevated production of the COX-derived prostanoid PGE 2 . This agrees with studies in rat trachea showing that PGE 2 is the primary COX product generated as a result of SP-induced NK 1 receptor stimulation (Devillier et al., 1992) . One possibility worthy of consideration is that influenza A virus infection damages sensory nerves, thereby reducing their capacity to respond to capsaicin.
For example, certain neurotrophic strains of influenza A virus have been reported to infect the CNS through the sensory nerves in murine airways (Shinya et al., 2000) and to cause neuronal damage (Jang et al., 2009 ). However, H1N1 strains of influenza A virus (such as A/PR-8/34) do not appear to be neurotrophic (Kobasa et al., 2007) , which reduces the likelihood that the current findings can be explained by virus-induced damage of the nerves leading to dysfunction. Consistent with this, the capacity of capsaicin to cause release of SP from tracheal tissue was not affected by influenza virus infection. These key findings indicate that the virus-induced attenuation of the capsaicin relaxation response is unlikely to be caused by an impaired ability of the sensory nerves to release SP in response to capsaicin.
Rather, it indicates the locus of the lesion lies downstream from sensory nerve activation.
Histological examination of tracheal segments from influenza A-infected mice revealed widespread and extensive damage to the epithelium, which may reduce its capacity to generate relaxant factors such as PGE 2 in response to capsaicin and SP.
Previously published studies have used epithelium denudation techniques to establish the importance of the epithelium in relaxation responses to capsaicin (Szarek et al., 1995 (Szarek et al., , 1998 and SP (Szarek et al., 1995 (Szarek et al., , 1998 Kao et al., 1999; Liu et al., 2006) Influenza A virus infection has been associated with reduced relaxation responses in airway smooth muscle (Henry et al., 1991; Ashraf et al., 2001 ).
However underlying mechanism for virus-induced hypersensitivity to PGE 2 has not been determined, a driving factor may be the reduced capacity of tracheal epithelial cells to release basal PGE 2 at the levels observed prior to influenza infection.
In conclusion, this study has characterised capsaicin-induced relaxation in mouse isolated trachea, and demonstrated that these responses are greatly attenuated by influenza A/PR-8/34 virus infection (Figure 8) . The mechanism through which influenza A attenuates this response is likely to involve a reduced ability to generate PGE 2 in response to SP. Although this phenomenon has not yet been described in humans and requires further characterisation, it is tempting to speculate that the loss of this sensory nerve-mediated bronchoprotective response may be responsible for compounding viral-induced asthma exacerbations.
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